INTRODUCTION
The cumulative literature on electrical and thermal conductivities of UC, PuC, and (U,PU)C includes several review articles written since 1967. These articles summarize the experimental efforts and present good data summaries. The newest review articles are by Sheth and Leibowitz 1 and Kerrisk2 whose works are acknowledged in this report.
Most investigators, in reporting the results of their experimental efforts, compare their data with the results of others. Each reviewer and investigator recognizes the importance of several factors affecting experimentally determined transport properties. These factors include fabrication method, chemistry, microstructural and macrostructural effects, irradiation effects, and method of property measurement. Fabrication methods used in processing carbide fuels involve fusion (fusion-solidification and fusion -solidification-pulverization-pressingsintering) or solid processing (carbothermic reduction-pulverizatirm-pressing-sintering).
Chemistry involves stoichiometric effects (uranium/ carbon ratio, plutonium/carbon ratio, and, in the case of mixed carbides, (uranium + plutonium)/ carbon ratio): pl~ltonium/uranium ratio for mixed carbide: and impurity content, oxygen, nitrogen, nickel, and/or other elements. Microstructural and macrostructural effects include presence of second phase (fraction of MCZ, M2C:I) and porosity.
This review proposes to (a) Summarize the results of experimental efforts which have attempted to relate the measured transport properties to one or more of the factors listed above.
(b) Suggest values for the transport properties of the uranium, plutonium, and uranium-plutonium carbides. Selection is made on the basis of material characterization and agreement among investigators, No attempt is made at quantification of the relation between those factors listed above and experimental results of individual investigators.
(c) point Out those areas in which additional experimental work is needed.
Much of the data considered in this report was available only in graphical form. Errors in reading values from curves were unavoidable. Tabular data or values calculated from the experimenters' functional fit were used where this information was given.
To simplify the consideration of data and information given by individual investigators, this presentation will first consider electrical resistivity and second thermal conductivity.
In each section appropriate properties of uranium carbide (UC), plutonium carbide (PuC), uranium-plutonium carbide ( (U, PU)C), and, where possible, related dicarbides and sesquicarbides will be discussed. A short summary will follow each subsection and suggested values for the property will be given at the end of each section.
II. ELECTRICAL RESISTIVITY
Most of the resistivity measurements on UC, PuC, and (U,PU)C reported since 1959 were done at temperatures below 1000" C. Essentially no data are available for UC, PuC, and (U,PU)C above 1800, 1000, or 1500"C, respectively. Data on dicarbides and sesquicarbides at temperatures above 300"K are limited to very few investigations in the uraniumcarbon system.
Since 1967, work on electrical and thermal transport properties of these systems has been review~d by Fulkerson, 3 Moser, 4 Bates, 5 and Leary.6 Tineir original work and conclusions will included in this discussion where applicable.
A. Uranium Carbide be 1. Fulkerson,3 in his 1970 review, appraised the UC data of Costa,7 Leary, 8 Moser, 4 Hayes, 9 and Rough. 1°Fulkerson's selected resistivity values were stated to be within +2 p$lcm of seven investigators and, at higher temperatures, to follow the values reported by Hayes, Rough, and Lerner. *1 k evaluating these data, Fulkerson's corrections for porosity were made using the Euken equation. 12 His tabulated preferred values are very close to those reported by Rough, and can be represented by the expression P = 32.87 + 0.1607T -2.586x 10-5T2@cm , (1) for 100< T"C <1350.
2. Moser,4 in the discussion of several actinide compounds, reviewed the resistivity data of Hayesg and Rough, 1°concluding that there was less than 5T0 difference between hot-pressed UC at 95%J theoretical density (TD) and cast material. He corrected the two sets of data to 100?ZO density using the 2 Maxwell equation; 13 the resulting resistivity values ranged from 36 + 1 @Jcm at 25°C to about 165 + 5 @cm at 1000"C.
3. Bates5'*4 examined the electrical resistivity (and thermal conductivity) of uranium oxycarbides containing 2 to 17 at. % oxygen and compared his results with those of Sobon, *~Mustacchi, 16 and Carniglia, 17 and reviewed the results obtained by Accary,~8 Da ton, 19 Griffiths, 20 Grossman, 21 Leary, 8 Costa, 7 and Hayes. g Samples were pressed and sintered at 1700°C from powder prepared by reaction sintering U + C + UO z powder. Bates' measurements were made using a four-probe technique with the sample under 1-at m argon containing less than 1 ppm oxygen and less than 5 ppm water vapor. Resistivity was determined from room temperature to 1500"C for two specimens which had been well characterized before testing. The data can be summarized as follows.
UO.495 CO.435 00. 02 at 93.8% density (2 at.%, approximately 2500 ppm): p = 86.20 + O.1O31T -2.515x 10-6 T2 yflcm . (2) Uo.4g5c0.345 00. 16 at 92.0% density: p = 104.18+ 0.1741T -2.615x 100-5 T2 pftcm (3) for 25< T"C < 1500.
Microstructure of the materials containing 2 and 16 at.% oxygen, respectively, exhibited grain boundary traces of UCZ and free uranium. Second phase concentrations were not measured. In comparison, results of Sobon *5 for approximately stoichiometric UC at 93% TD containing 5600 ppm oxygen and 5600 ppm nitrogen, indicated resistivities of 43 and 225 pftcm at 20 and 1300°C, respectively.
Bates concluded from his review that for nearly stoic biometric UC, resistivity increases with carbon content, increases with temperature (essentially linearly above 500" C), and increases with increasing oxygen (and nitrogen) content. He suggested that the effect of porosity is expressed by where PO = resistivity at 1007o TD, P = resistivity of low density material, and P = volume fraction porosity.
(4)
A summary of resistivities for nearly stoichiometric UC, as determined in several of the investigations mentioned above, is given with Bates' data in Fig. 1. 4. Leary6 reviewed the same resistivity values here as in Ref. 8 . A value of 69 @cm at room temperature was determined for stoichiometric UC, using a comparative eddy current method. No indication of the sample impurity level was given. For purposes of discussion, Leary considered the data of Secrest, 22 which indicates a linear temperature dependence for case UC 1.0, with respective resistivities at 100 and 900" C of 50 and 150 @cm.
KamimotoX
and Pascard 24 have reported two other room-temperature resistivity values. The Kamimoto value of 53 @cm at 98.5% TD is in good agreement with results of other investigators. Pascard's value of 30 @iicm was obtained from his study of the resistivities of UC-PUC solid solutions. The carbides were formed by reduction of oxides and direct carburization with carbon. The effect of plutonium addition will be discussed in a subsequent section.
Hayes and DeCrescente9
measured the resistivities of four stoichiometric UC specimens of 82, 87.4, 90.1, and 91.4% TD containing 815, 960, 2100, and 1400 ppm oxygen, and 370, 1200, 170, and 150 ppm nitrogen, respectively. The determinations were made over the range 25 to 1300" C both on heating and cooling the sample in flowing argon, using a standard four-probe method. Specimens were I I GROSSMAN  1?  12 CARNIGLIA  I  I  I  I  I  I  0  200  400  600  800  IO(X3 1200 1400  1600 18002000 TEMPERATURE (C)
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Fig. 1. Electrical resistivity values for UC (abbreviated summary).
hot pressed from methane synthesized UC powder. A summary of the data is given in Fig. 2 .
The data can be represented by the following equations.
82'% TD: p = 46.85 + 0.2053T -3.223x 10-5T2 @cm ,
87.4% TD: P = 42.02 + 0.1946T -2.860x 10-5T2 Mlcm , (6) 90% TD: p = 39,91 + 0.1731T -2.119x 10-5T2~Qcm , (7) 91.4% TD: p = 38.10 + 0.1604T -1.447x 10-5T2 gQcm , (8) for 25< T"C <1300. Hayes and DeCrescente recommend Eq. (4) for porosity correction and suggest that the resistivity is insensitive to oxygen and nitrogen impurity over the range 1100 to 2300 ppm. Corrected values for the 82 and 91.4'% TD material, using Eq. (4), are also plotted in Fig. 2 . The corrected data for the 91 .4'?10TD material are within about +2 pflcm of the preferred values of Fulkerson3 and the data of Rough 1°shown in Fig. 1 . However, the correction to the data for the low density sample is not consistent with the corrected high density data. This perhaps indicates a combined impuritytemperature-pore morphology effect on resistivity.
'w~/ 7. Crane and Gordon, 25 using a dc potentiometric technique, determined the electrical resistivities of specimens prepared for thermal conductivity measurements. The authors estimate experimental error was less than +5% to 5000C and less than +10% from 500 to 1000"C. Both cast and sintered materials were examined. Cast materials contained less than 400 ppm oxygen and 100 ppm nitrogen. The pressed and sintered materials contained less than 1000 ppm oxygen and 300 ppm nitrogen. Resistivities were determined from four types of specimens.
(a Experimental results are summarized in Fig. 3 . The data for the 4.8 wt% carbon sample can be closely represented bỹ = 40.13 + 0.2077T -5.032x 10-5 T2 p~cm,
for 50< T"C 51000. The correction to 100'% TD was calculated using Eq. (4). All the data, including the corrected values for the 4.8 wt?lo sample fall approximately within the experimental error limits stated by the authors, hence perhaps no conclusion should be drawn concerning the effect of carbon concentration on resistivity. However, data for the ""3 8. Carniglia17 measured the resistivities of UC specimens containing about 4.1 to 9.1 wt.% carbon over the temperature range 25 to 1000"C, using the dc potentiometric method. Results of these measurements are shown in Fig. 4 . Specimens were made from arc-cast rod at 100To TD that have typical impurity levels from 45 to less than 1900 ppm oxygen and from 570 to less than 700 ppm nitrogen. The hypostoichiometric materials contained free uranium in grain boundaries, becoming continuous networks at about 4.3 to 4.4 wt% carbon. The hyperstoichiometric materials contained quenchedin metastable UC2 as intragranular platelets.
Carniglia's data for the 4.8 wt.% carbon sample are well represented by the expressioñ = 42.29 + 0.1684T -3.388x 10-5T2 @cm , (10) for 50 < T"C S 1100. His results show increasing resistivity with increasing carbon content. The values for the 9.1 wt'% carbon sample over the range 50 to 400"C are about 30 pflcm higher than those for 4.8 wt.% carbon.
9. Roughl" summarized the BMI resistivity measurements from 25 to 1600" C on samples prepared from skull arc-cast material containing 4.8, 7.0, and 9.0 wt?10carbon. Measurements were by the four-probe potentiometric method. No evaluation of the oxygen and nitrogen impurity level was given. Although densities of the resistivity samples were Rough's article gave an excellent discussion of the pre-and postirradiation microstructural study of these materials. Microstructural analysis of the 7.0 wt.% carbon composition indicated an intimate mixture of UC + UC2 in the as-cast condition. Examination of the microstructure of several samples after various heat treatment cycles indicated that the transformation to U2C3 required over 100 h at 1200"C and about 1 h at 1400"C. Therefore, the results of both Rough and Carniglia, for the 7.0 wt.% carbon samples, perhaps represent the resistivity of the metastable UC + UC z rather than of U2 C3.
The resistivity data reported by Rough are summarized in Fig. 5 with some of the Carniglia data for comparison. Rough commented that the "change in shape of the resistivity and dilation plots for the uranium-9.O wt% carbon alloy suggests a change in state. " The effect is probably related to the observations of Norreys, discussed in a later section.
Rough's data for the 4.8 to 5.3 wt% carbon materials can be expressed as p = 33.66 + 0.1623T -2.752 x 10-5T2 @cm,
for 100< T"C S 1600. Rough's report included a detailed study of irradiation effects on resistivity of these materials. To illustrate the changes in resistivity which maybẽ on expected after irradiation, a very abbreviated data summary is offered in Table I . The increase in electrical resistivity implies a possible corresponding decrease in thermal conductivity under irradiation.
Rough concluded that a "saturation" of point defects that might affect electronic characteristics was attained very early (i.e., at low burnup) during irradiation. The significantly smaller increase in resistivity for specimens irradiated at higher temperatures (i e., above 4000C) indicated damage annealing during the higher temperature irradiation.
10. Grossman26 measured the electrical resistivity (and thermal conductivity) of UC, UC z, and I-h C3 over the temperature range 975°C to about 1800°C. The UC sample material was 100'%odense arc-cast rod containing 5.3 wt.% carbon and less than 200 ppm oxygen. The UC2 specimens were made by hot pressing UC2 powder +1.0 VO$% nickel at 1700"C. The UC2 powder contained 8.7 wt% carbon and 0.3 wt?% oxygen. The as-pressed material was approximately 9070 TD. Grossman reported that metallographic examination of the UC indicated a "slight second phase" which was identified as "either UC2 or U2C3 ." Examination of the UC z specimens showed single phase UC z containing a trace phase of UC.
Resistivity was measured by a potentiometric technique. The author estimated an error of +2 and +5%, respectively, for the UC and UC z data. No error estimate was suggested for the U2C3 data.
The data for U2 C3 were obtained by "soaking" the UCZ specimen at about 1275°C for 30 rein, followed by 6 min at 1175"C. The author indicated there may have been residual UC2 present as second phase during the measurement.
Grossman reported his results in the form of linear fits to the UC and UCZ data, as given by the following expressions.
UC: for 827< T°C <1777 ,
UCZ: for 1277< T"C <1797 ,
A data summary is given in Fig. 6 , with extrapolation of the UC data to room temperature. The "UZ C3" data are about 40 @lcm higher than the UC data from 1400 to 1800"C.
11. Norreys, n in a study of the transformation of U + UCZ to Uz C3, measured the electrical resistivity of uranium carbides containing 54.2 at.'% (5.6 wt%) Norreys heated a specimen containing 5.6 wt% carbon at 13.2 g/cm3, with a resistivity of 39.5 pflcm at 20 to 1400"C, then measured the resistivity at 10-min intervals. He found the resistivity at 1400"C remained constant at about 202 @cm for about 40 rein, then increased to about 218 @cm at 80 min and remained constant. On cooling to 20"C the resistivity had increased to 66.8 pQcm, indicating transformation to U2C3. The specimen was then heated to 1900°C and cooled rapidly to 20"C where the resistivity was measured as 37.5 yflcm, in- dicating transformation to UC + UC 2. It was subsequently found that slight mechanical stressing of the sample was required to initiate the U 2C 3 transformation at 1400"C.
The resistivities in Fig. 6 are from Norreys' plots showing the temperature dependence of the resist ivity for two samples of Uz Cs + UC on heating and subsequent cooling. Note the range of temperature independence during the U2C3 to UC z transformation.
Summary:
Electrical Resistivity of Uranium
Carbide. Examination of all the data summarized in Fig. 1 for nearly stoichiometric UC, 4.8 wt% carbon, suggests that, except for the data of Costa, resistivities are in agreement to within about 8%. Correction of the Hayes data, using Eq. (4), gives about 5% maximum variation among all of the resuIts. The combined oxygen and nitrogen impurity levels of the samples studied varied from about 200 to 2000 ppm. Bates' data5 show a significant increase in resistivity for oxygen concentrate ions greater than about 2500 ppm.
Hayes datag suggest that Eq. (4) can be used as a correction for porosity of samples over 90'70TD, giving corrected resistivities within 5T0of other reported values at 1009o TD. The approximation is not as satisfactory for material less than 9070 dense.
Although Rough 10 did not discuss impurity levels in his samples, his results agree well with data of others for samples containing less than 2000 ppm total impurity. Grossman's data26 represents the only information available above 1600°C; however, his samples contained second phase UC2 or U 2Cs.
It is suggested that Rough's data, corrected by Eq. (4), be used as the resistivity of 100% dense UC. The resistivity is expressed as p = 32.9 + 0.159T -2.688x 10-5T2 @cm (14) for 25< T"C < 1600.
6
Examination of the data shown in Figs. 3-6 brings the conclusion that the resistivity of UC increases with carbon content. Quantitative evaluation of this effect is not possible from available data. All authors reported two phase UC + U structures in hypostoichiometric samples and two phase UC + UC z or UC + U2 C3 structures in hyperstoichiometric materials. It is suspected that Rough and Carniglia's data (Fig. 5 ) for 7 wt.% carbon represent the resistivity of a UC-+ UCZ mixture.
The U(J2 data of Grossman seem to give the most reasonable estimate of the resistivity of UC z. The apparent agreement, shown in Fig. 6 , of the Grossman data for UC2 (8.7 wt% carbon) below 1300"C and the Carniglia data for 9.0 wt.% carbon, a mixture of UC + UC2, seems to be substantiated by Norreys' data. However, this illustrates the necessity for relating the transport properties of nonstoichiometric carbides to both the phase concentration and carbon content as well as thermal history.
The Grossman data seem to indicate the electrical resistivity of UC2 is approximately 25?10higher than that of single phase UC.
Rough's data, summarized in Table I , show an increase in resistivity of about three times the normal value after irradiation of approximately stoichiometric UC from 0.004 to 0.016 at.'% burnup.
B. Plutonium Carbide
There have been relatively few determinations of the electrical resistivity of PuC. However, results of all measurements on PuC l.X from room temperature to 1000"C show agreement within about &7Y0 of the value, 250 p~cm.
1. Fulkerson3 reviewed the PuC resistivity data of Costa, 7 Leary, 8 and Moser, 4 concluding the resistivity of PuC was essentially constant at 260 pflcm from ambient to 1000"C.
2. Moser's review4 included a discussion of the data of Kruger, 27 Leary, 8 and Costa, 7 which show less than +59z0 variation from the value 260 W$Jcm from 25 to 500"C.
Kruger=
reported a resistivity of about 260 @cm for cast PuC containing 47 at.% carbon over the temperature range 25 to 700"C. The four-probe potentiometric method was used in the measurements. No discussion of specimen density or impurity level was included.
4. Kruger27 reported the results of resistivity measurements on single phase, arc-cast PuC O.W (45.95 at.% carbon of about 100% TD. The specimens contained 0.01 wt% oxygen and less than 0.005 wt% nitrogen. Measurements were made by a fourprobe potentiometric method which-used several determinations at various dc current levels for each temperature and which gave a measurement precision of 0.5'?70. The data showed a decrease in resistivety from 257 pflcm at about 27°C to 254 pflcm at 727"C. The data are plotted in Fig. 7 . The UC data of Rough 10 are shown for comparison. Kruger fitted the following polynomial to the data. p = 263.30 -1.966x 10-2T -1.171 X 10-5T2 + 2.246x 10-8T3 gflcm (15) for 300< T°K < 1000. Equation (16) also fits the tabulated experimental data within +0.2%. p = 258.0 -0.0287T + 3.232 x 10-5T2~"flcm (16) for 25< T"C <750.
5. Costa7 measured the resistivity of single phase PuC0.905 (47.5 at.% carbon) over the temperature range 10 to 1200"K by a potentiometnc method. Discussion of impurity level, density, or method of sample fabrication was not included in the article. The data plot showed the resistivity decreasing to about 240 #Jcm at 150"K with an increase to 260 @cm at 1200"K. The data over the range 27 to 927°C are shown in Fig. 7 (17) for 27< T"C <927.
6. Leary et al.8)30-32 reported progressive phases of resistivity measurements on PuC in several articles; the work is summarized in Ref. 8 . Experimental results over the range 100 to 800"C were reported for single phase PuCo.LNj and PuC 1.ospecimens which were prepared by multiple arc melting of high purity (less than 200 ppm impurity) plutonium and ground spec grade graphite. The arc-melted buttons were subsequently arc cast into rod, then solution heat treated at 1300"C for 6 h prior to testing. Neither density nor residual impurities were reported. It was stated that the PuC1.O was a mixture of PuC l-x + Puz C3. Measurements were made by a comparative eddy current method. The estimated error was +570 of sample resistivity.
The data, plotted in 
for 100< T°C S 800.
7. Summary: Electrical Resistivity of Plutonium Carbide.
Kruger, 33 in his discussion of the phase diagram and properties of PuC, cited work 35 which shows the presence of Mulford34 and Kruger of Puz C3 in as-cast compositions containing more than 46 at.'% carbon. Heat treatment at 1000"C did not cause solution to the PU2C3 phase. Kruger, in the course of specimen preparation for compatibility studies, noted about 25 vol~o PUZC3 in pressed and sintered PUCI.O.
Costa36 reported 510 @cm at 300"K as the resistivity of 78% TD Puz C3. The material was prepared by vacuum pressing and sintenng, at 1600°C, powder prepared by reacting plutonium hydride with carbon at 1400"C.
Considering the above, and the relation between the data of Leary et (18)) be used as the current best approximation for the resistivity of PuC1---+ PU2C3.
On the basis of existing information, no quantitative estimate of the effects of oxygen and nitrogen impurity or carbon content can be given.
Lack of information on porosity effects precludes quantitative porosity correction. Equation (4) 2. VanCraeynest 37 measured the resistivity of (UO.85Pu0.15 )C at 91.5% TD frOm 100 tO 1300°C. NO discussion of measurement method or impurity level was given. The data tabulated in this article are plotted in Fig. 8 and can be approximated by p = 92.7 + 0.173T -4.018x 10-5T2 @cm (21) for 100< T"C < 1300.
3. Leary8 reported resistivities measured on (UO.SPUO.Z )C specimens over the range 100 to 8130"C. Samples were prepared by arc casting and solution heating at 1300"C for 6 h prior to testing. Total impurity in the component materials was reported to be less than 200 ppm. Residual oxygen and nitrogen impurity was not discussed. Measurement was by a comparative eddy current technique resulting in an error of +5'% of sample resistivity. The data plotted in the article were linear with temperature and can be represented by p = 78.6 + 0.142T @2cm (22) for 100 S T°C <800.
4. Johnson39 reported resistivity measurements on a sample of nominal composition US&uI).l& ().97 which had been prepared by cold pressing and sintering powder made by grinding the arc-melted alloy (Ref. 39, pp. 24-26) . The specimen was apparently about 95% TD. Measurements were by a four-probe dc potentiometric method. Actual sample composition was reported as U0,8PU0.NC 0.9700.02s No.013 Containing M2C3 tangles and platelets. Surface oxidation of the sample during measurement was reported. The relatively high values of resistivity from this work, shown in Fig. 8 , probably are explained by the relatively high impurity level and oxidation which occurred during test.
5. Milet's38 data, reported for about 100% TD (UO.S5 F'uo. 15 )C prepared by arc casting, was obtained by a dc potentiometric method. Total impurity in for 25< T"C < 1000.
Summary:
Electrical Resistivity of Uranium-Plutonium
Carbide.
On the basis of the above information, the following suggestions are made.
(a) There are not enough data available to recommend a quantitative correction to the electrical resistivity of (U,PU)C for effects of fabrication method, impurity level, porosity, or stoichiometry.
(b) Although the data shown in Fig. 8 agree to within about 10 To, including the corrected VanCraeynest data, the differences in resistivity indicated by the (UO.8PU0.Z)C data of Leary and the (Uo.w Puo.15)C data of Milet seem to reflect the proportionate increase resulting from PuC content determined by Pascard. Equations (22) and (23) are suggested as approximations to the respective resistivities over the range 25 to 1000"C for high purity material of about 100To TD.
D. Recommendations and Conclusions: Electrical Resistivity
Suggested values for the electrical resistivity of UC, PuC, and (U,PU)C are summarized in Table II . Tabulated values are calculated by equations of the formp = a + bT + CT2.
The following conclusions may be drawn.
(a) Although the resistivity of 100% dense single phase UC is apparently well defined to 1500"C, there is a need for measurements at higher temperatures. The same is true for PuC and (U,PU)C above looo"c.
(b) It can be assumed that combined oxygen and nitrogen impurity less than about 2000 ppm does not significantly increase the resistivity of UC. However, even considering the well-designed experiments by Bates, quantitative assessment of the effect cannot be made. Essentially no data exist which indicate the quantitative effect of oxygen and nitrogen levels on PuC or (U, PU)C.
(c) The effect of carbon concentration on resistivity can be known qualitatively at best until experiments are performed to correlate thermal treatment cycles with second and third phase concentrations and resistivity.
(d) Corrections for porosity, which are accurate at other than ambient temperature, are probably dependent both upon temperature and pore morphology. These effects have not been studied.
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10 (e) Small additions of nickel apparently reduce electrical resistivity. Quantitative effects are not known.
(f) Rough's datal" essentially provide the only information on the effects of irradiation on carbide resistivity.
(g) The effect of differences in fabrication methods on resistivity cannot be quantitatively evaluated on the basis of existing data.
III. THERMAL CONDUCTIVITY
Many of the articles considered in this section were cited in the section on electrical resistivity: of those articles concerned only with thermal conductivity, several materials have been considered. To simplify the discussion, information for UC, PuC, and (U, PU)C is presented in separate subsections.
Reviews of the work on thermal conductivity written since 1967 are by Sheth He concluded that for. 100% dense stoichiometric UC in the temperature range from about 500 to 2000" C, the thermal conductivity increases linearly from about 20 to 22 W/m" "C. There is considerable variability in results below 700" C, some data indicating a significant phonon contribution. Washington 
for 500 s T"C < 2000. Because neither a general data pattern nor quantitative effects had been established for hyperstoichiometric material, Washington concluded it was impossible to suggest preferred values.
His assessment of the effect of oxygen impurit '? was based on the published work of Wheeler, 42*4 Bat es, 5$41 Hayes and DeCrescente, 9 and unpublished data (1971) of King and Waite (Harwell). All investigators agreed that thermal conductivity is decreased by oxygen impurity, the greatest effect being observed below 1000"C. The conductivity values for the oxycarbides approach the UC values at 2400"C. Washington concluded that the existing data do not permit separation of effects of stoichiometry, impurities including nickel and fraction of second phase present, therefore, accurate conductivity values could not be given. 
for 500< T"C S 2400. Washington examined the data of Moser and Kruger, 45 Hayes and Dt~Crescentel 9 and Crane and Gordon47 for "the effect of porosity. His conclusion again was that disagreement among results indicated that a quantitative separation of effects was not possible and that a true porosity correction would be temperature and pore-shape dependent. He suggested that at the present state of knowledge the porosity correction given by Eq. (28) be used for all compositions.
AM =~Tn (1-P)/(l+Pl (28) where P = porosity fraction and ATD = conductivity for P = O, and AM = measured conductivity. The preferred values of Washington are plotted in Fig. 9 . 54 Fulkerson did not discuss the effect of impurities or stoichiometry in any detail.
Bates'
study5'14 of uranium oxycarbides included measurements of the thermal diffusivity of four oxycarbide compositions from which he calculated the thermal conductivity using heat capacity data for UC reported by Godfrey at al. 55 Bates' results are summarized here to indicate the large effect of a relatively small amount of oxygen impurity on the thermal conductivity of UC. The experiments considered the four compositions listed below which were prepared by carbothermic reduction, pulverization, pressing, and sintering.
(a) UO.495 CO.4S5 Oo.w: density of 12.7 g/cm3 and a microstructure, UC, OY + traces of free U and UC z.
(b) UO.WOCO.19000.os: density 13.1 g/cm3 and a microstructure, two-phase UCXOY +-UCZ + trace of U02 .
(c) UO..ISSCO.33500.lTO: density of 12.3 i#cm3 and a microstructure UCX OY + UO% + traces of free U.
(d) UO.495+ CO.355+ 00.150: density of 12.5 g/cm3 and a microstructure UC, O~+ UO z + traces of free u.
The samples were given a "homogenization" treatment to 1000" C before diffusivity measurements were made from 100 to 1500" C.
Measurements were performed by the flash method using a pulsed laser as the energy source. The apparatus was calibrated using Armco iron as the reference sample. The uranium oxycarbide samples were subjected to microstructural examination both before and after test.
Bates' results are summarized by Eqs. (30) Bates concluded that mixed conduction occurs in the uranium oxycarbides, and that the presence of oxygen in the lattice affects the lattice conductivity more than the electronic conductivity. His results indicated that, although electronic conduction is predominant above about 1000"C, lattice conduction was significant for those samples containing small amounts of oxygen.
Bates5 also reviewed the results of some 19 other invest igators. These data, much of which will he discussed, showed wide variability between about 17 W/m" deg and 32 W/m. deg from 50 to 500"C. The author concluded this was probably a result ofvariation in oxygen content of the materials tested. (c) Nickel sintering aid, even in the 0.1% by weight concentration range, lowers the conductivity of Uc.
(d) Excessive amounts of oxygen and nitrogen lower the thermal conductivity y.
(e) There does not appear to be a satisfactory quantitative method for adjusting for effects of porosity on thermal conductivity of carbides. These conclusions also applied in general to PuC and (U,PU)C and will be considered in the conductivity summary.
6. WheelerJz performed difl'usivity measurt'-ments on several tvpes 01 material using a modulated electron beam technique. Calibration methods were not discussed. The thermal conductiviiies were calculated from the determined diffusivity values using the specific heat for UC from Krikorian. 57 The following UC materials were considered by Wheeler.
(a) Sintered, unalloyed UC containing about 0.3 wtri oxygen, or approximately 2.4 at. % oxygen, prepared by sintering uranium powder and graphite.
(b) Cold-pressed and sintered carbothermic reduction product to which 0.1 and 0.3 wt?i nickel was added. This material contained 0.1 to 0.2 wt% oxygen.
(c) Cold pressed and sintered U + UO z + graphite powders. The UOZ addition was controlled to yield material containing 0.5, 1.0, and 2.0 wt% oxygen.
(d) Arc-melted uranium + graphite controlled to produce materials containing 49.9, 50.8, and 51.8 at.('i carbon. These materials contained about 200-ppm oxygen and 100-ppm nitrogen. Densities of the sintered materials were reported to range from 94 to 97% of theoretical. Chemical and microstructural examinations were performed both before and after diffusivity measurements were made. Though detectable amounts of second phase were observed in the samples, notably free uranium in the hypostoichiometric samples, no judgment as to effect was made.
The thermal conductivities calculated by Wheeler for these materials are summarized in Fig. 10 . Wheeler's conclusions concerning the UC data were as follows, [b) The thermal conductivity of UC is Probablv increased by small amounts of nickel. His data indicate about a 20% increase in conductivity resulting from up to 0.23 wt% nickel.
(c) The inflection in the conductivity curve above about 1600°C for the hvuostoichiometric UC may be . . attributed to a change in vacancy distribution._ (d) Phonon transport forms a significant portion of the thermal conductivity of UC, and (U, PU)C, at high temperatures.
7. Pascard43 measured the diffusivity, from 100 to 2000°C, of UC prepared by pressing and sintering carbide powder which was prepared by comminution of carbide formed from the metal hydride. Two types of the phase shift measurement methods were used: modulated electron beam above 1000" C and sinusoidal heat wave from ambient to 1000" C. The apparatus was calibrated against known standards. The accuracy of diffusivity measurement was estimated as +10%.
The reported conductivities were calculated from the measured diffusivit y using C~values selected by Pascard. These values are about 10% lower than Olson's recommended values54 at 1500"C, but within 2'% below 1000" C. The samples were reported to contain 800 ppm oxygen and 130 ppm nitrogen and to be 95% TD. Pascard's conductivity y curve, shown in Fig. 11 
8.
Hayesg measured the conductivity of three stoichiometric UC samples using a steady state radial heat flow method. Two of these samples were 95!i TD containing 2600 ppm oxygen and 1400 ppm nitrogen, and 860 ppm oxygen and 520 ppm nitrogen, respectively. The third sample of 91ri TD contained 1260 ppm oxygen and 930 ppm nitrogen. The samples were prepared by hot pressing methane synthesized UC powder. Density was adjusted by "particle size selection. "
The data tabulated in Hayes' article are plotted in Fig. 11 with curves as he showed them. He concluded that (a) Porosity effects can be corrected by Eq. (4). (h) Thermal conductivity is relatively independent of temperature in the range 1000 to 2000°C.
(c) increasing the oxygen + nitrogen impurity level from about 1400 to about 2200 ppm had a minor effect on conductivity.
(d) Thermal conductivity above 1000"C is 100!; electronic. (Hayes' estimate from Wiedemann-Franz relation using his resitivity values is discussed in Sec. 11.A.&) The arc-cast material contained a small amount of intragranular UCZ, while the sintered sample was single phase. This was in apparent agreement with Moser's "equivalent carbon" concept ror UC. PuC, and (U, PU)C. Equivalent carbon content is expressed by summing the oxygen, nitrogen, and carbon as Moser states that single phase uranium mmmcarbide (and monocarbide of uranium/plutonium ratio 4:1 ) can only be obtained if the nonmetal atom content is less than 50 at. ri, and less than 46.5 at.r, for Put.
Moser did not calculate the thermal conductivity of these materials from his diffusivity values because he believed the samples, except for the arc-cast UC, contained enough oxygen and nitrogen to make calculations unrealistic. He recommended the diffusivity be corrected for porosity using a modified Maxwell correction
14
(tT = (1 + 0.5P)aM , (35) where NT = diffusivity at 100% TD, ffM = measured diffusivity, and P = volume fraction porosity.
For comparison with other data, this review calculated conductivity from the diffusivity values of Moser using CP values recommended by Olson, 54 and expansion data recommended by Andrew. 59 The values for the 78.8% TD sintered sample were corrected to 100% TD using expression (35) . The data are plotted in Fig. 11 . Thermal conductivity for the 99% TD cast material is approximated by A = 25.1 -1.13x 10-2T + 4.65x 10-6T2 W/m"deg .
Moser, in three other articles, 53,6CI.GI also reported the conductivity from O to 700"C of stoichiometric 99+ "i TD, single phase UC containing 50 ppm oxygen, and no nitrogen. Specific heat data obtained from his laser pulse experiment were used to calculate the conductivity. Moser estimated his experimental precision as about 109;.. The specific heat values from the experiment CP = 12.32 + 3.329x 10-3T -1.130x 105T-2,
for 273< T"K <1000, tabulated in Refs. 53 and 61 are about 3% higher at 1000" K than those recommended by Olson .54 The conductivities, copied from Moser's curve, are replotted in Fig. 11 .
Moser, 4 in a review of electrical and thermal pmpert ies, tabulated conductivity values from Ref. 60 , adding a value of h = 18.0 Wlm" deg at 1000"C.
Wittenberg,58
using a rather unique modulated heat wave technique to measure diffusivity, determined the thermal conductivity of a near stoichiometric UC (4.78 wt% carbon) sample of 96% TD containing 0.1 wt% nickel. Samples were pressed and sintered from powder prepared by carbothermic reduction. Chemical analysis of the material was not discussed; however, results on x-ray analysis indicated the presence of UOZ, U2CS, and UC~. The apparatus was calibrated against Armco Iron. The stated measurement uncertainty was 10 to 15%.
In calculating conductivity, Wittenberg used Cṽ alues from Ref. 62 . Using Olson's recommended values to calculate the conductivity results in an increase of about 5% compared to those reported. Wittenberg's tabulated data are plotted in Fig. 11 .
Leary8
summarized thermal conductivity data on UC, PuC, and (U,PU)C presented in Refs.
31, 32, and 63. The UC samples were arc cast and solution heat treated at 1300°C for 6 h. lmpurit y or second phase content of the samples and sample density were not discussed.
The conductivity measurements were by an axial heat flow method. Calibration procedures were not reported. The conductivity plotted in Fig. 11 was reported to be expressed by A = 0.0512 + 7.3x 10-6 Tcal/cm"s.
deg ,
for 300< T"C <500, (A = 21.42 + 3.054x 10-3T W/m"deg) .
13. DeCrescente49 reported results of conductivity measurements by a radial heat flow method on hot pressed UC of 9.1!6 TD, containing 4.85 wt'% carbon and 1250 ppm oxygen. No discussion of second phase concentration in the thermal conductivity samples was given. The conductivity, uncorrected for porosity, ranged from 18.7 W/m" deg at 880" C to 17.9 W/m" deg at 1440" C. Applying a simple ( 1 -P) correction to these data results in values ranging from 20.6 W/m. deg to 19.7 W/m" deg at 880 and 1440" C, respectively, in close agreement with the data of Rough, discussed in the next paragraph.
14. Rough1°reported the thermal conductivity of one 99°fi TD sample of hyperstoichiometric UC, 5.0 wt"i carbon, to be 20. W/m" deg up to 1140°C. Measurements were made by comparative radial heat flow. There was no discussion of concent rat ion of oxygen or nitrogen in the sample. However, the report contained an excellent microstructural study of the various materials used in the general study, of which the conductivity measurement was a rather trivial part. Very interesting observations were made on the time required for transformation of hvperstoichiometric as-cast UC + UCZ containing 7.0 Wt"i carbon to UZC3. The time required, for example, at 1200" C was greater than 100 h. Rough's conductivity value is shown in Fig. 12. 
Meerson66
reported thermal conductivity values ranging from 11.7 to 16.7 W/m" deg at 200 and 700"C, respectively. These values were from measurements on 90% TD hot pressed UC after correct ion for porosity using a simple 1/(1 -P) correction factor. No specifics were given on measurement method or impurity levels in the samples. 17 . RussellsG studied the effect of carbon concentration on the thermal conductivity of UC and (II,Pu)C at 70"C. Measurements were made by the Shrmier modulated heat wave method . 79 The equipment was calibrated against standards whose ctmductivities were known to +3ri.
The sample material was prepared by arc melting, hot pressing, and sintering, which resulted in samples of less than 92( i TD. No other details concerning samples were given, other than the observation of a uranium grain boundary phase in the hypmtoichiornetric material.
The data for UC samples, taken from Russell's curve, are summarized in Table III . The data indicate a sharp rise, about 18ci, in conductivity from 21.8 W/m. deg at the stoichiometric composition, 4.8 wt ( i carbon. to 25.9 W/m. deg at 5.0 wt?i carbon, and a slight decrease with increasing carbon content to 25.1 W/m. deg at 5.5 wtct carbon. The reported data were corrected to 100'i TD using a simple ( 1-P~correction.
Reference 56 contains an excellent micrographic study of the MC2 and M? C:, phases which was not directly related to the conductivity study.
18. Grossman26"21 used a steady state method to measure the thermal conductivity of 100$;. TD arccast hyperstoichiornetric UC containing 5.3 Wt$i carbon and less than 200 ppm oxygen. Data reported in tabular form and points taken from Grossman's conductivity curve are shown in Fig. 12 The conductivity of UCZ, 8.7 \vt"i carbon, was also measured. The samples were prepared by hot pressing UC~powder containing 1 VOI'% nickel. The sample rod was 95ri TD before conductivity measurement. After conductivity measurement, the central l-cm length of rod was found to be 90ci TD. Microstructural examination indicated loss of nickel from the central portion of the rod and some UC precipitate.
The conductivity was reported in the data summary as A = -0.035 + 4. x 10-5T cal/cm. s.deg + 15(; from 1500 to 2000" K. Values calculated from this expression and taken from Grossman's plot ted data are shown in Fig. 12. 19. Dayton65 reported the conductivity of cast UC samples cent aining 4.9 wt % carbon and 5.3 wt "i carbon measured by a steady state longitudinal heat flow met hod. Impurity levels and densities of the conductivity specimens were not discussed. Reported tabular data are shown in Fig. 12. 20. Secrest22 reported the thermal conductivity from 100 to 735"C, measured by a steady state heat flow method, of UC containing 5.2 wtfi. carbon, Samples were prepared from arc-cast material typically 98% TD. Impurity levels were not discussed.
These conductivity values were somewhat higher than values reported by Dayton. The values decreased from 25.1 W/m"deg at 100"C to 22.2 Wlm"deg at 400" C, and increased to 25.5 W/m" deg at 735"C. and pressing and (b) sintering powder made by carburization of uranium hydride with propane. The cast samples ranged in density from 99.0 to 99.8% TD. and contained less than 300 ppm oxygen and 100 ppm nitrogen. The sintered materials ranged in density from 90.1 to 98.1% 'I'D, and contained 400 to 1000 ppm oxygen and 100 to 400 ppm nitrogen.
The measurements were made by a comparative steady state longitudinal heat flow method. Microstructural examination showed uranium in grain boundaries of both the cast and sintered hvpmtoichiometric materials, and Widmanstatten UCZ in hyperstoichiometric materials. Crane's tabulated data are plotted in Fig. 13 . These data seem atypical in that both cast and sintered hypostoichiometric materials show the higher conductivity above 500"C. Density corrections do not alter the relative conductivity values. The sharp increase of conductivity with temperatures above 500"C also is atypical as compared to results of other investigators.
22.
Kubota67 measured the thermal conductivity of sintered UC and UC2 from 125 to 400" C using a steady state longitudinal heat flow method. No information about sample material was given other than both the UC and UCZ samples were 95% TD. The UC2 data are plotted in Fig. 14. Grossman's graphed UCZ data,26 from 1300 to 1700"C, seem to give a reasonable high temperature extrapolation of the Kubota data. An approximation for the UC2 conductivity can be written as for 300 < T"C <2000.
23.
DeConick68 reported the conductivity of Uz Cs from ambient to 1800"C. Conductivity y values were calculated from diffusivities determined by a modulated electron beam method. The specific heat used in the calculation of conductivity was determined by extrapolation of existing literature values below 350°K . 69 The samples contained 7.02 wt 'i carbon. Quantitative microstructural examination showed the specimens were 85 vol~r UZCs + 15 Vol!i UC. Measured densities were about 100$; TD for all samples.
The thermal conductivity was expressed by DeConick as A = 5.05x 10-2 + 5.63x 10-5T W/cm. deg (40) for 300< T"K <2050, (A = 6.58+ 5.63x 10-3T Wlm. deg for 25< T"C < 1750). After heat treatments of 1 hat 2170" K (about 1900" C), the conductivity was redetermined for one sample. Metallographic examination after heat treatment showed the specimen consisted of UC2 + UC. DeConick's data showed the conductivity UC1 + UC to be significantly higher than his UZCS + UC values. Subsequent determinations on the same sample showed a general decrease in conductivity due to transformation back to UZC:I. The effects of porosity cannot be qualitatively evaluated. A simple (1 -P) correction is perhaps justified at the present state of knowledge.
where AM = measured conductivity, ATD = conductivity at 100% TD, and P = volume fraction porosity.
Conflicting data exist on the effects of nickel additions to UC. This will be discussed in the section on (U,PU) C. However, the data of Wheeler42 suggest that for pressed and sintered UC, increases in conductivity on the order of 10 to 20% can be expected with nickel additions of 0.1 to 0.2 wt?lo.
Most investigators believe that oxygen concentrations below about 2500 ppm do not significantly affect the thermal conductivity. Bates5 and Wheeler42 provide the most comprehensive study for oxygen concentrations in the range 2 at.'% (about 0.3 wt%) to 17 at.% (about 2.0 wt%) oxygen. The results of these two investigations are in reasonable agreement, showing conductivities of about 18 to 19 W/m"deg and 12 to 13 W/m "deg at 100"C, and 18 to 20 W/m "deg and 15 to 18 W/m" deg at 1200"C, respectively, for UC containing about 2 at.% and 17 at. % oxygen.
Although the effects of nitrogen concentration in UC have not been discussed, the literature (e.g., Ref. 70 ) on nitrides and carbonitrides shows significantly lower thermal conductivities than for UC. Moser45 indicated an effect of impurity level nitrogen with respect to second phase dicarbide concentration in Eq. (34) .
Based on general data trends, qualitative evaluation of porosity levels, and using the data of Bates, Wheeler, and Russell as a qualitative guide to the evaluation of oxygen and carbon effects the following suggested values are given for the thermal conductivity of UC. The calculated conductivities are plotted in Fig. 15 . No quantitative evaluation of the effects of measurement method or sample fabrication techniques can be given. However, conductivities reported for pressed, sintered UC when corrected for porosity are, in general, lower than for cast material. This is probably because of generally higher impurity levels of the sintered material and uncertainty in the correction for porosity.
There is disagreement among investigators as to the mode of conduction in the UC system. Wheeler, 42 for example, concluded the lattice contribution to the conductivity is significant at high temperature. Hayesg concluded the conductivity above 1000" C is 1007o electronic.
B. Plutonium Carbide
Very few studies of the thermal conductivity of PuC have been reported. Of these, only one investigation has been at temperatures over 500°C. 112.2 g/cm3) . This value, TD using the correction given by shown in Fig. 16 .
corrected to 100'3?o expression (49) is (49) 6. Moser* reported the thermal diffusivity of 83.8% TD sintered PuC containing 4.12 wt'% carbon and 0.61 wt~o oxygen + nitrogen over the temperature range 400 to 1300"C. Microstructural examination of the sample material showed the presence of up to 10 vol% PUZC3.
The apparatus was calibrated against an Al 20: standard, indicating the reported k5Y0 measurement accuracy and +570 precision. Moser did not calculate conductivity from his measurements.
Conductivities calculated using the specific heat values suggested by 01son54 and expansion values suggested by Andrew are plotted in Fig. 16 . Values corrected for porosity by expressions (4) and (49) are also shown.
Summary:
Thermal Conductivity of Plutonium Carbide. The diffusivity data of Moser offer the only information above 500"C. The conductivity values calculated from Moser's data show approximately the same temperature dependence as the data of Leary, but are considerably lower than Leary's data would be, extrapolated from 400 to 1300"C. This is probably because of the significant PUZC3 concentration in Moser's sample. However, because no other data exist above 500"C, it is suggested that conductivity of 100% TD PuC be used, as calculated from Moser's data and corrected by expression (49) . No quantitative evaluation of the effects of impurity level, porosity, carbon concentration, or fabrication method can be given.
C. Uranium-Plutonium Carbide
Since 1967 several of the investigators previously discussed have reviewed the available data on the thermal conductivity of (U, PU)C, namely, Sheth, 1
All of these authors have recognized apparently inconsistent information or areas of lack of information which prevent quantitative assessment of the effects of composition, impurities, and second phase concentration on thermal conductivity. Observations and conclusions of these reviews relating to (U,PU)C will be summarized and most of the individual articles will be subsequently discussed. 
where LQ is the theoretical Lorenz number, and T = "K. The resistivity values of Leary8 for (Ui).spuo.z)c and Milet38 for (Uo.aspuo.l!j )C were used to CalCUlate the conductivity curves shown in Fig. 17 . Fulkerson concluded that the conductivity calculated from Moser's data was supported by these calculations. He also concluded that more reliable high temperature information, for both thermal conductivity and electrical resistivity, would be required to resolve the apparent lack of agreement among the existing data on conductivity.
5. LearyG discussed the (U, PU)C work of Russell, 56 Wittenberg, % and Leary. 8 Leary, 6 in this review, did not propose recommended values. His conclusions are summarized as follows.
(a) Replacement of uranium by plutonium in UC causes a significant decrease in thermal conductivity in the temperature range 250 to 1000" C.
(b) Maximum conductivity is observed for nearstoichiometric (UO.XPUO.15 )C.
(c) Nickel sintering aid lowers the conductivity of (UO.8PUO.2 )CO.95.
(d) Excessive amounts of oxygen and nitrogen lower the thermal conductivity of the carbides.
(e) There is no satisfactory method for quantitative adjustment for the effects of porosity on the conductivity.
(f) The presence of fission products probably decreases the conductivity.
(g) Additional work should be done on the conductivity of fully characterized carbides, and should be related to measurement of the electrical resistivity on the se.me materials. The conductivity values plotted in Fig. 17 were calculated from Moser's results using the specific heat recommended by 01son54 and thermal expansion recommended by Andrew. 59 These values were corrected for porosity using expression (35) . The validity of this correction for samples of low density is probably questionable.
7. Russe115G in the work discussed in part in Sec. 111.A.17, also determined the thermal conductivity at 70" C of (Ui).sspuo.ls )C having carbon contents ranging from about 4.5 to 5.5 wt?zo.The samples containing 4.5 to about 5.3 wt% carbon were arc-cast material, and those containing more than 5.3 wt70 carbon were prepared by hot pressing. One hypostoichiometric specimen was prepared by cold pressing and sintering. The conductivity values, other than that for the cold pressed sample, fell on a smoothly varying curve from 12.6 W/m. deg at 4.5 wt% carbon to a maximum of 17. W/m odeg at 5.03 wt% carbon (approximately stoichiometric) then to 12.6 W/m. deg at 5.5 wt.% carbon. Densities of the pressed specimens were reported as greater than 95% TD. It was not clear that the data were corrected for porosity. (Russell used a simple (1 -P) correction to his UC data, Sec. 111.A.17. ) He concluded that the low conductivity values compared to arc-cast specimens of some of the sintered specimens were the result of porosity and that oxygen concentrations less than 0.2 wt.% did not significantly affect, the conductivity. This was not clear because conductivity values reported for samples containing 0.57 and 0.17 wt% oxygen at two carbon concentrations were higher than conductivities reported for samples containing 0.17 and 0.14 wt% oxygen, respectively, at the same respective carbon concentrations.
8. Horspoo177 made only a brief comment on the conductivity of (U,PU)C in reference to the work of 58 However, a pertinent Wheeler42 and Wittenberg. reference was made to work of Browning et al., 78 concerning phase equilibria. Horspool suggests that "the two-phase region containing a solid solution of the monocarbides and a solid solution of the sesquicarbides should exist up to temperatures over 2000°C for plutonium concentrations (Pu/U + Pu) = 0.15 to 0.40."
9. Bocker7G reported the thermal conductivity, calculated from measured values of thermal diffusivity, specific heat, and density, The samples were sintered (U0.5PU0,2)C at 92?+0 TD. The material, prepared from powder processed from the hydride, contained 800 ppm oxygen and 800 ppm nitrogen. No indication was given as to the C~values or porosity corrections used in the calculation of the conductivity. Values taken from Becker's graph are plotted in Fig. 18 . Assuming these data are uncorrected for porosity, the conductivities corrected for porosity using expression (28) , are also shown.
Becker referenced Milet40 for a description of the measurement methods used. The work described by Milet, in Refs. 40 and 38, calculated the thermal conductivity from resistivity, density, and specific heat using the Ewing formula, Eq. (55). 
enough densification
at 1300"C to prevent CO release, resulting in M2 C3 concentrations of 10 to 15 vol% in materials having equivalent carbon-to-metal ratios of 1.0. Without nickel sintering aid, less than 3 vol% M2 C3 is guaranteed.
VanCraeynest37
reported thermal conriuctivity calculated from thermal diffusivity measurements, over the temperature range 100 to 1700°C, on several (U,PU)C samples having a uranium/plutonium ratio of 85/15. Sample fabrication methods, oxygen and nitrogen impurity, and second phase dicarbide or sesquicarbide concentrations were not discussed. Samples were 91.5% TD.
Two diffusivity measurement methods were used: a modulated heat wave technique below 900°C and a modulated electron beam technique at higher temperatures. The methods were discussed in this reference.
In calculating the conductivity of (U, PU)C, VanCraeynest used the specific heat of UC reported by Krikorian. 57 It is not clear whether his values were corrected for density or thermal expansion. A simple (1 -P) correction to this data would give about 17.5 and 23 W/m" deg at 300 and 1700" C, respectively. The conductivity values tabulated by VanCraeynest are plotted in Fig. 18 . The value shown at 1700°C is estimated from his plotted diffusivity and the CP and density values which were apparently used to calculate his value at 1300"C.
A plot of conductivity values calculated from VanCraeynest's diffusivities using specific heat estimates calculated from Olson's suggested values for UC and PuC is shown in Fig. 18 . The higher conductivity above 700"C reflects the relatively high Cr ecommended for PuC.
Using the Wiedemann-Franz law, VanCraeynest calculated the electronic and lattice conductivities from the measured thermal conductivities and electrical resistivity. The reported resistivity values used in the calculations were not discussed. The electronic and lattice conductivities were, respectively, 12. Pascard's discussion43 of nitrides and carbonitrides included the plot of thermal conductivity of (U,PU)C shown in Fig. 18 . The data points shown were taken from Pascard's curve. Although no specifics were given as to composition or impurity levels, the discussion seems to indicate the samples were pressed and sintered approximately stoichiometric, (UO.MPU0.15 )C of about 9570 TD.
Diffusivity measurements were by two phase shift methods, modulated heat wave and modulated electron beam described in Ref. 43 . Corrections for porosity apparently were not made. A simple ( l-P) correction would produce about a 5V0increase in the values shown.
Pascard gave an important comment on the use of nickel sintering aid. Nickel-free carbides generally do not exhibit any trace of higher carbides M 2Cs and MC2. Starting with the same powder, nickel addition can result in the presence of more than 10'%o Mz C3, even at 1600"C; this demonstrates that nickel-containing carbides are not in thermodynamic equilibrium, the high density associated with nickel prevents CO outgassing.
13. Wittenberg, 58 in conjunction with the work described in Sec. 111. A.11, also measured the thermal diffusivity of two sintered (U,PU)C specimens. One of these was (UO.SPUO.Z )CO.95 + 0.1 wt% nickel at 96.89Z0TD. This sample contained 4.82 wt~o carbon and concentrations of MZC3, MC Z, and MO z detectable by x-ray analysis. The second sample of (UO.5PUW)CO.97 at 92.2% TD contained 4.46 wt% carbon, no nickel, and showed a barely detectable concentration of MCZ by x ray.
The diffusivity data were plotted as constant values from 200 to 1000°C; the diffusivity of the sample containing nickel was 0.028 cm2/s as compared to 0.039 cm2/s for the nickel-free sample. Wittenberg did not calculate thermal conductivities from these data.
The data plotted in Fig. 18 . Conductivities plotted in Fig. 18 were calculated from the diffusivity using the expansion data for (Uo.s Puo.2)CO.95recommended by Andrew5g and Cṽ alues calculated from the specific heat of UC and PuC recommended by Olson. 54 16. Milet38 calculated the thermal conductivity of (U0.55PM.15 )C from his electrical resistivity measurements discussed in Sec. mol'%, respectively, lowered the thermal conductivity of UC (at 400"C) to about 78 and 67'%oof the value for the unalloyed carbide. Leary expressed the conductivity data plotted in Fig. 19 by the following linear equations.
(U0,9 Puo.1 )C: A = 0.0426 + 18.0x 10-6T cal/cm "s" deg (56) for 265< T"C <460. Leary8 and Wheeler. 42 (U,PU)C of varying PuAJ ratios over the range 800 to 1300"C. The specimens were fabricated by multiple are casting, and densities are assumed to have been greater than 95'% TD. Impurity levels were not discussed. The reported carbon concentrations and nominal compositions are listed in Table IV. The reported conductivity was calculated from the diffusivity using Krikorian's specific heat for UC. These values, taken from Wheeler's curves, are plotted in Fig. 19 Fig. 19 . The indicated temperature dependence seems excessive.
Effect of plutonium/uranium ratio on the thermal conductivity of (U, PU)C, according to
19. Johnson75 studied the effect of density on the thermal conductivity of (UO.d'uO.Z)C USing a comparative heat-flow apparatus calibrated against known standards. Samples were prepared by pressing and sintering. The materials contained less than 100 ppm total oxygen and nitrogen. Metallographic examination of the specimens indicated the materials were single phase (U,PU)C except for two samples which showed trace concentrations of second phase (not identified). This article summarized the work reported in Ref. 85 .
Johnson fitted Eq. (59) to his data. The porosity correction seems quite high on considering the resultant values for 100% TD material. Fig. 20 . The temperature dependence of the calculated values for 100% TD material seems excessive. Note that these values are higher than shown by Leary8 in Fig. 19 . This result is perhaps another indication of the need to consider the porosity correction as dependent upon temperature and pore morphology.
20.
Bradbury86 assessed the thermal conductivity of (UO.S5 PUO.lS )C from in-pile experiments designed to study fuel swelling and fission product migration. The two samples used in the conductivity study were arc-cast at about 99% TD and sintered at less than 96% TD. The arc-cast material contained less than 900 ppm oxygen + nitrogen, and the sintered material less than 2000 ppm. The inreactor sample temperatures at an operating power level of 58 21. Stah187 reported in-pile measurement of the thermal conduct ivity of (UO.8pu0.z)CO.95 SpeCimenS containing 2000 to 4000 ppm oxygen. The experiment consisted of measuring the temperature drop from fuel center to clad surface of identical UC and (U,PU)C specimens under like irradiation conditions. The combined fuel and clad-gap conductance were estimated and, using a conductivity value of 23 W/m. deg for UC to estimate the gap conductance, the thermal conductivity of (U,PU)C was calculated.
Specimens were fabricated of pressed and sintered powder produced by carbothermic reduction of oxides. Specimens of 9570 TD containing 0.1 wtTO nickel sintering aid and specimens of 89% TD without the sintering aid were tested.
The in-pile measurements over a temperature range of 700 to 101O"C resulted in conductivity values from 12.1 to 24.7 W/m -deg and an average of 19.3 W/m. deg for the three specimens tested.
Summary:
Thermal Conductivity of Uranium-Plutonium Carbide. Introductory remarks in the summary (Sec. 111. A.24) for the thermal conductivity of UC are applicable here. The interplay of effects of carbon, oxygen, nitrogen and sesquicarbide or dicarbide concentration, porosity, the apparent anomalous effect of nickel additions, and the effect of varying the plutonium/uranium ratio are impossible to separate and evaluate quantitatively at the present state of knowledge.
The work reported by Leary8 and Wheeler42 provide the only systematic study of the effect of varying the PufU ratio over a wide range. Leary .Johnson's data represent the only systematic study of the effect of porosity. However, the data for samples having densities over 90% TD cover a very limited temperature range although conductivities of 87 and 90% TD materials were investigated to 1000"C. The porosity correction used in conjunction with the reported linear temperature dependence results in conductivity values for 100% TD (UO.sPUO.Z )C which seem to be excessive above 300"C.
Porosity corrections used by the various authors represent a wide range of values of the correction factor for a given volume fraction of void. For example, values calculated for 9090 TD material range from 0.90 for the simple (1 -P) correction to 0.64 for the correction used by Johnson.
The limited information available seems to indicate that small amounts of nickel sintering aid lower the conductivity of (U, PU)C. Most investigators agree that concentrations of oxygen above about 2000 ppm significantly lower the conductivity. The (U,PU)N compounds, not discussed in this review, show lower conductivity than the (U, PU)C. If these effects are considered in conjunction with the observations of Horspool (Sec. 111. C. it is not surprising that effects of porosity, composition, and impurity levels have not been resolved quantitatively.
The information available on effects of irradiat ion86$87on the thermal conductivity does not permit a quantitative evaluation at elevated temperature.
There is a qualitative difference in the general shape of the thermal conductivity curves. In general, results obtained by transient methods show a decrease in conductivity of (U,PU)C from ambient to 300 or 400°C while the few results obtained by steady state methods do not. Exceptions are the data of Moser and Wittenberg.
On consideration of the information presented in Figs. 17 through 20, it is clear that there is disagreement as to the conduction mode in (U, PU)C. Leary's Lorenz number calculations, over a limited temperature range, and Moser's data seem to indicate pure electronic conduction.
However, the work of Wheeler, Fulkerson, and VanCraeynest indicates a significant lattice contribution at elevated temperature. All investigators seem to agree that the thermal conductivity of (U,PU)C approaches that of UC above 2000"C.
It is believed that, at the present state of knowledge, the thermal conductivity of 100% TD Eq. (61) . Differences due to the plutonium/uranium ratio fall within the limits of uncertainty. A decrease in conductivity from ambient to about 400" C is given by this equation illustrated in Fig. 21 . However, the uncertainty in conduction mode is illustrated by the cross-hatched area. The suggested values were chosen to reflect roughly a 20% lower conductivity than UC at temperatures below 700"C. as indicated by most investigations; a positive temperature dependence above 500"C such that the conductivity y approaches that of UC above 2000°C: and high enough overall values to reflect less than 2500 ppm total oxygen and nitrogen concentrations. Values for the thermal conductivity of (U,PU) lCs or (U, PU)CZ above 300"K cannot be given at the present state of knowledge.
D. Recommendations and Conclusions: Thermal Conductivity
Suggested values for the thermal conductivity of UC, PuC, and (U,PU)C are summarized in Table V (Fig. 17) . At 1200"C, the Washington curve is approximately 20?; lower than the value suggested by this review. These concluding remarks are applicable to the available information on UC and PuC as well as (U, PU)C; however, we emphasize the relation to the mixed carbides. On consideration of the information (a) There is a lack of definitive information on the thermal conductivity of (U, PU)C, especially at temperatures much above 1400"C (in the case of PuC there is very little data from ambient to 1500"C).
(b) The effects of porosity on thermal conductivity are probably dependent upon temperature, pore size distribution, and pore morphology and are believed related to the combination of variables in (c).
(c) Effects of nickel additions, densification phenomena, carbon, oxygen, and nitrogen concentrations, and concentrations and morphology of second phase higher carbides are interdependent. The quantitative evaluation of these effects will require conductivity measurements on tailored materials which have been well characterized on the basis of compositional and impurity level control and quantitative microstructural analysis. Baseline studies on the effect of second phase concentration should definitely include resistivity measurements and metallographic (ceramographic) evaluation of, if possible, the sample or part of the sample used for conductivity measurements.
There exists an important adjunct to these conclusions. Deficiencies in the present knowledge of the temperature dependence of the thermal conductivity of uranium-plutonium carbides should be corrected so that reliable benchmark data, both for unirradiated and irradiated material, can be made available to the organizations involved in engineering, design, and evaluation phases of the Division of Reactor Development and Demonstration, Advanced Fuels Irradiation Testing Program. Determination of accurate high temperature values is of special importance to off-normal testing and reactor safety investigations.
